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ABSTRACT
AU Mic b is a Neptune size planet on a 8.47-day orbit around the nearest pre-main sequence (∼20 Myr) star to the Sun, the bright
(V=8.81) M dwarf AU Mic. The planet was preliminary detected in Doppler radial velocity time series and recently confirmed to be
transiting with data from the TESS mission. AU Mic b is likely to be cooling and contracting and might be accompanied by a second,
more massive planet, in an outer orbit. Here, we present the observations of the transit of AU Mic b using ESPRESSO on the VLT. We
obtained a high-resolution time series of spectra to measure the Rossiter-McLaughlin effect and constrain the spin-orbit alignment of
the star and planet, and simultaneously attempt to retrieve the planet’s atmospheric transmission spectrum. These observations allow
us to study for the first time the early phases of the dynamical evolution of young systems. We apply different methodologies to derive
the spin-orbit angle of AU Mic b, and all of them retrieve values consistent with the planet being aligned with the rotation plane
of the star. We determine a conservative spin-orbit angle λ value of −2.96+10.44−10.30, indicative that the formation and migration of the
planets of the AU Mic system occurred within the disk. Unfortunately, and despite the large SNR of our measurements, the degree of
stellar activity prevented us from detecting any features from the planetary atmosphere. In fact, our results suggest that transmission
spectroscopy for recently formed planets around active young stars is going to remain very challenging, if at all possible, for the near
future.
Key words. planetary systems – planets and satellites: individual: Au Mic – planets and satellites: atmospheres – methods: observa-
tional – techniques: spectroscopic– stars: low-mass
1. Introduction
Planetary physical and orbital properties are predicted to evolve
over time as a result of external and internal forcing. In fact, the
observed distributions of exoplanet sizes and semi-major axes
suggest that many planets migrate from their initial birth loca-
tions. Migration can occur by torques from primordial disks or
scattering by a second planet and circularization by tides (Lin
et al. 1996; Kley & Nelson 2012). Planets with gas envelopes
will also cool and contract as they radiate their initial entropy
of formation; close-in planets can also loose gas due to elevated
irradiation by the active young host star. Detection and character-
ization of planets in their early formation stages (<1 Gyr) are es-
sential to test models of these phenomena (Baruteau et al. 2016).
Detection of planets around young stars, however, is excep-
tionally challenging. Direct imaging methods are sensitive only
to very massive planets at large separations and provide planet
radii, but not masses. Doppler radial velocity methods may be
poised to overcome elevated stellar noise (jitter) among young
stars (e.g. Prato et al. (2008)) to detect and measure masses of
close-in giant planets, but most of these will not transit and hence
planet radii cannot be determined. Photometry from the Kepler
space telescope has revealed transiting planets in 10-800 Myr-
old clusters (e.g. Mann et al. (2016)) but clusters are distant, and
most host stars are too faint to measure masses via RV and/or
obtain detailed follow-up observations. On the other hand, mem-
bers of young moving groups (dispersed associations with sim-
ilar space motions, abundances and ages) include exceptionally
young (20-300 Myr) nearby (<50 pc) stars, many of which are
pre-main sequence M dwarfs. The closest such star known is AU
Microscopii, an M-type member of the ∼20 Myr-old β Pictoris
Moving Group that is only at a distance of 9.8 pc. AU Mic has an
edge-on debris disk with evidence of ongoing planet formation
Boccaletti et al. (2018); Daley et al. (2019). Radial velocities of
AU Mic obtained with both optical and infrared spectrographs
(Plavchan et al., 2020) suggest the presence of one or more giant
planets with orbital periods between 10 and 60 days.
The TESS mission (Ricker et al. 2014) observed AU Mic for
27 days during Sector 1 of its prime survey. Three transits were
identified by visual inspection, and their high significance veri-
fied against different models for stellar noise and false positives
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(Plavchan et al., 2020). Two transits with similar depth (0.3%)
and duration (3 hrs) were assigned to a candidate b planet with
an orbital period of 8.46 days and a radius of ∼ 0.4 Rjup. Ground-
based radial velocity measurements place the object’s mass to be
< 1.8 MJ , and bulk density of 0.25±0.15 g/cm−3), indicating a
low density planet (possibly still contracting) with a large scale-
height. A third transit in the TESS light curve is within 1-σ of
the predicted time for a stronger radial velocity planet candidate,
with a period of 30.7 days.
AU Mic now stands out as the closest system of transiting
planets around a pre-main sequence star. This permits precise
measurements of orbit, mass and radius which will allow us to
rigorously test models of planet migration and evolution. More-
over, it has a debris disk which presumably marks the orientation
of the former protoplanetary disk. The star’s rotational equator,
its disk, and the orbits of planets b and c seem highly aligned
with our line of sight, but they might not be aligned with each
other. Formation and migration of the planets within the orig-
inal protoplanetary disk of AU Mic should leave the planets
on orbits with low inclinations with respect to the stellar ro-
tation axis, while incipient or past scattering could leave one
or more planets on orbits that are highly inclined to both the
stellar equator and the disk. The Rossiter-McLaughlin (RM) ef-
fect and doppler tomography are an excellent techniques to infer
the obliquity/inclination of fast-rotating stars like AU Mic. Here
we present spectroscopic observations of one transit of the in-
ner planet, AU Mic b, to constrain the projected angle of the
planet’s orbit with respect to the star’s rotation axis, and perform
an initial exploration of possible chemical species (atomic and
molecular) in its atmosphere.
2. Observations and Data Reduction
One transit of AU Mic b was observed using the high precision
RV spectrograph ESPRESSO at the VLT in its standard setup
(400–780nm, 1 UT - HR, standard calibration), during the night
of August 7th 2019. Data were taken continuously from 3:24UT
to 9:23 UT, with an exposure time of 200 s. A total of 88 on-
target spectra were taken, of which 37 spectra were taken out of
transit, while another 49 spectra were taken in-transit, over the
∼3.5 hours that the transit lasted. This high-cadence sampling is
in principle an advantage, given that the star is active and vari-
able, for the modeling and removal of line profile changes. Dur-
ing the observations, the airmass varied from 1.03 to 2.37, pass-
ing through a minimum of 1.007. Weather conditions were clear.
The averaged S/N of the spectra per pixel, measured at order 104
(near the Na I doublet), was 93.9.
The spectra were extracted and calibrated using the stan-
dard ESO-Data Reduction Software (DRS). According to the
ESPRESSO exposure time calculator (ETC), the resulting in-
dividual RV measurements, considering photon noise and the
instrumental floor, should have been better than 1 m/s. How-
ever, the extracted RVs have a median internal precision of 3.7
m/s, resulting from the broadening of the spectral feature of AU
Mic due to rotation and stellar activity. Note that Plavchan et
al (2020) report AU Mic to be very active relative to main-
sequence dwarfs, and find RV peak-to-peak variations, using
HARPS spectrograph data, in excess of 400 m/s primarily due
to the rotational modulation of stellar activity.
We also used a second approach to retrieve the RV val-
ues during the observations. We applied SERVAL (Zechmeis-
ter et al. 2018a) to the 2D ESPRESSO spectra produced by
the DRS pipeline. SERVAL produces high-precision differential
Doppler observations by computing them relative to a high SNR
template (co-added outside transit spectra). Using SERVAL we
achieve a median internal precision of 4.3 m/s. SERVAL also
produces several activity indicators such as the differential line
width (DLW) and chromaticitity index (CRX), useful for our
analysis and interpretation.
3. The Rossiter-McLaughlin effect
The transit of an exoplanet in front of its rotating host star gener-
ates a detectable RV signal, as the planet blocks the correspond-
ing rotational signal of a portion of the stellar disk. This regional
signal is removed from the integration of the velocity over the
entire star, known as the RM effect (Holt 1893; Rossiter 1924;
McLaughlin 1924). The RM observation is a powerful and ef-
ficient technique for estimating the spin-orbit angle of exoplan-
etary systems (see Triaud (2017) and references therein for a
comprehensive review).
3.1. Transit time series and stellar activity
The rotation period of AU Mic (4.8 days) is long compared to
the transit duration. Except for the occurrence of a flare (easy
to identify in chromospheric emission lines) the changes in the
spectrum due to photospheric features should be smooth during
the ∼6 hr that our observations lasted. Therefore, any change in
RV due to rotational modulation can be removed by interpolating
the out-of-transit line-profile measurements.
The ESPRESSO times series, however, shows strong evi-
dences of flares and stellar activity during the observations. Fig-
ure 1 shows a cut of an out-of-transit spectrum of AU Mic. The
selected spectral region contains the Na I doublet (5891.7 and
5897.6 Å) and the He I line at 5877.2 Å. It can be readily iden-
tified in Figure 1 that AU Mic presents strong signatures of stel-
lar activity. The total flux on the Na I doublet has two compo-
nents; a chromospheric emission core is superimposed on the
much broader and deeper photospheric absorption line (Walkow-
icz et al. 2008). In comparison, for the stellar chromospheric
emission line of He I, only an emission feature is visible. On top
of that, these emission features vary with time during the transit
of AU Mic b, making it challenging to retrieve the orbital and
atmospheric planet properties. Interestingly, the emission lines
have similar shapes, suggesting co-localization of the emission.
In Figure 2 we plot the time evolution of several parameters
that need to be taken into account for the analysis of AU Mic b’s
transit. In particular, the SNR of each of the individual spectra
and the transit light curve of the chromospheric He I line (see
Section 5) which we use as a proxy for stellar flares, are useful
indicators to weight the value of each observations for the RM
determination.
3.2. RM calculation
There are two main techniques to measure RVs during the transit
of an exoplanet and obtain the RM signal. One approach relies on
the template matching of the observed spectra (Butler et al. 1996;
Zechmeister et al. 2018b), and the other one is based on a Gaus-
sian fit to the cross-correlation function (CCF) of the observed
spectra with a binary mask (Pepe et al. 2002). Each approach
leads to a different shape of RM signal as was demonstrated the-
oretically in Boué et al. (2013).
To model the RM observation obtained using the CCF- DRS
pipeline, we use the publicly available code ARoME (Boué et al.
2013) which is optimized to model the RM signal extracted
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Fig. 1. An out-of-transit spectrum of AU Mic, zooming on the spectral region containing the Na I doublet at 5891.7 and 5897.6 Å, and the He I line
at 5877.2 Å. The broken lines indicate the central positions of these three lines. The red spectrum is the raw spectrum after DRS data subtraction,
and the black spectrum results after the Molecfit telluric correction.
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Fig. 2. From top to bottom: The S/N of each of the individual spectra
per pixel; The light curve of the chromospheric He I line at 5877.2 Å.
The spectral line was integrated over a spectral range of 1.5Å-wide;
the dLW and CRX indices derived using SERVAL; The light curve of
the Hα line; The FWHM of CCF as estimated from DRS; The radial
velocities derived from SERVAL; and the radial velocities derived from
DRS. The vertical dashed cyan lines mark the predicted ingress and
egress of transit of AU Mic b.
through CCF-based approach. To model the RM observations
obtained from template matching using the SERVAL pipeline,
we use the model based on Ohta et al. (2005) approach, which
is optimized to retrieve the RM signal from template matching.
This model is implemented in the PyAstronomy python pack-
age.
For both analysis, we considered a second order polynomial
trend to interpolate the out-of-transit RV data between ingress
and egress. This trend is present in both RM observations either
from CCF-DRS or SERVAL, however, with different shape and
strength. This trend could have several contributors, either from
the planet’s Keplerian orbit, any possible systematics in the data,
and also the stellar activity induced RV (Oshagh et al. 2018).
Thus, during our fitting procedure (either with PyAstronomy or
ARoMe) we consider the spin-orbit angle λ, projected stellar ro-
tational velocity (vsin(i)), mid-transit time (T0), limb darkening
coefficients, and parameters of the second order polynomials as
our free parameters. The rest of the parameters required in the
models are fixed to their reported values in the literature (Porb=
8.46321 days, Rp/R?=0.0514, a/R?=19.1, and impact param-
eter (b)=0.16; Plavchan et al, 2020). Based on the time series
shown in Figure 2, and again for both analysis, one data point
with very low S/N value just prior to the transit ingress was dis-
carded, and several data points affected by a strong flare during
the egress (starting at 0.29 days from the mid transit till the end
of transit) were given a low weight during the fitting procedure.
The best fit parameters and associated uncertainties in our
fitting procedure are derived using a Markov chain Monte Carlo
(MCMC) analysis, using the affine invariant ensemble sampler
emcee (Foreman-Mackey et al. 2013). The prior on vsin(i) and
T0 are controlled by Gaussian priors centered on the reported
value in the literature and width according to the reported uncer-
tainties, and the prior on spin-orbit angle is also controlled by a
uniform (uninformative) prior between -180 and +180 degrees.
These priors are also listed in Table 1. We randomly initiated the
initial values for our free parameters for 30 MCMC chains inside
the prior distributions. For each chain we used a burn-in phase
of 500 steps, and then again sampled the chains for 5000 steps.
Thus, the results concatenated to produce 150000 steps. We de-
termined the best fitted values by calculating the median values
of the posterior distributions for each parameters, based on the
fact that the posterior distributions were Gaussian.
The posterior distributions for both analysis are given in Fig-
ures A.1 and A.2, and the best fitted models (both PyAstronomy
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Fig. 3. Radial velocity time series derived from the DRS software (left columns) and SERVAL (right columns). On the top panels the best fit model
to the RM is shown using the ARoME and PyAstronomy models, respectively. The red point is discarded in our analysis due to anomalously low
SNR, while the magenta points are given a lower weight in the RM fits due to being affected by a stellar flare. In the lower panels, the data are the
same but the fits incorporate the GP modelling. The different components of each best fit model are plotted in different colors and marked in the
legend.
and ARoME) analysis and RM observations (both DRS-CCF and
SERVAL) are shown in Figure 3. The DRS-CCF and ARoME
analysis suggest that the planet is aligned (spin-orbit angle =0),
however, it overestimates the vsin(i) value in comparison to that
from spectral line analysis as reported in Plavchan et al, 2020.
On the other hand the SERVAL and PyAstronomy analysis sug-
gest a slightly misaligned planet (spin-orbit angle =-9 degree)
but consistent with zero within the error bar, and also estimated
the vsin(i) to be consistent with the reported value from spectral
analysis. We report all these value in Table 1.
3.3. Modeling RM with additional Gaussian Process
Gaussian process is a general framework for modeling correlated
noise (Rasmussen & Williams 2006), and it has been shown its
power and advantages in modelling and mitigating the stellar ac-
tivity noise in RV observations (e.g., Haywood et al. 2014; Faria
et al. 2016), and also in photometric transit observations (e.g.,
Aigrain et al. 2016; Serrano et al. 2018), which assisted in de-
tecting small-sized planetary signals embedded in the stellar ac-
tivity noise.
Since our RM observations (either DRS or SERVAL) are
clearly affected by the stellar activity noise (such as stellar spots
occultations by the transiting planet and flares), we decided to
incorporate GP to our RM modeling, in order to perform more
robust fit and obtain more accurate estimates. We used the new
implementation of GP in celerite package (Foreman-Mackey
et al. 2017), since some of the celerite kernels are well suited
to describe different forms of stellar activity noises. To model
the stellar noise in our data set we selected the covariance as a
Matern-3/2 Kernel. In order to train our GP, we first fit this GP
model to the differential line width (DLW) and He I light curve,
which are the most affected observables by the flares occurring
during our observation. This fitted GP allows us to have a better
estimate on the prior time scale of the noise in our RV measure-
ments. Here, we fit again our RM observations, however, this
time we modeled the observed RMs (either from DRS or SER-
VAL) as the sum of the mean model and the noise. The mean
model is the RM model (either AROME or PyASTRONOPMY, de-
pending on which RM observations), and the noise was modeled
as a Gaussian process with Matern-3/2 covariance Kernel. The
posterior samples for our model were obtained through MCMC
using emcee (Foreman-Mackey et al. 2013). The prior on the
RM models’ parameters were controlled as in the previous sec-
tion, and the prior on the GP time scale parameter was controlled
by Gaussian priors centered on the fitted value from DLW and
He I. And the prior on GP amplitude was controlled by a uni-
form (uninformative) prior between 0.1 to 100 m/s. These priors
are also reported in Table 1. The posterior distributions for both
analysis are given in Figures A.3 and A.4, and the best fitted
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Table 1. Best fit derived values for the DRS+ARoME and SERVAL+PyAstronomy fits, with and without the use of Gaussian processes.
Parameter Prior ARoME PyAstronomy ARoME+GP PyAstronomy+GP
λ◦ U(−180; 180) 0.43+1.87−2.04 −10.87+5.55−5.05 −2.96+10.44−10.30 6.61+11.62−12.35
v sin i(km s−1) N(8.7; 2) 15.66+0.42−0.93 12.51+0.51−0.54 11.15+3.71−3.42 10.42+1.52−1.50
 N(0.62; 0.1) - 0.72 - 0.39
ua N(0.47; 0.1) 0.57 - 0.35 -
ub N(0.30; 0.1) 0.20 - 0.16 -
AGP(m s−1) U(0.1; 100) - - 27.11 8.10
τGP(days) N(0.018; 0.01) - - 0.025 0.007
RMS Residual (m s−1) - 6.10 9.78 3.80 3.42
ln Z - −369.76 ± 0.20 −307.76 ± 0.08 −326.18 ± 0.11 −293.21 ± 0.04
Notes:U(a; b) is uniform prior with lower and upper limits of a and b, N(µ;σ) is a normal distribution with mean µ and width σ.
T0 mean reported are the first transit time for each planet.
models (both PyAstronomy+GP and ARoME+GP) analysis and
RM observations (both DRS-CCF and SERVAL) are shown in
Figure 3. We report all the best fitted values in Table 1.
The GP+RM model result in much better fit as indicated by
significant decrease in the RMS of the residual (see reported
RMS of residuals in Table 1 . However, in order to perform a
proper model comparison between RM only and RM+GP model
we utilised MultiNest (Feroz et al. 2009) via the Dynesty
package (Speagle 2020). Dynasty provide the Bayesian model
log evidence (ln Z), and as suggested by Trotta (2008), we re-
gard the difference between two models as strongly significant
if their log-evidence differs by ∆lnZ > 5. Our result show that
there are strong evidence supporting the idea of fitting the ob-
served RM with a GP given their noise (Table 1).
The DRS-CCF and ARoME+GP, and SERVAL and
PyAstronomy+GP analysis both clearly demonstrated that
the planet is prograde and to be aligned (within the uncer-
tainties). However, both still overestimated the vsin(i) value,
although being closer to the reported value from spectral
analysis as reported in Plavchan et al, 2020. The estimated
vsin(i), considering their uncertainties, are compatible with the
photometric rotation period of the star reported in Plavchan et
al, 2020.
Brown et al. (2017) performed a comparison study and
showed that both models overestimate vsin(i) in comparison to
estimates obtained from spectral line broadening. They found
that the overestimation can even reach as high as 5 km/s for fast
rotating stars. However, they found the estimated spin-orbit an-
gles were in strong agreement for both models. The overestima-
tion of vsin(i) could have variety of reasons. For instance, the
RM signal can be affected by second-order effects such as the
convective blueshift and granulation (Shporer & Brown 2011;
Cegla et al. 2016b), stellar differential rotation (Hirano et al.
2011; Hirano 2014; Albrecht et al. 2012; Cegla et al. 2016b;
Serrano et al. 2020), microlensing effect due to the transiting
planet’s mass (Oshagh et al. 2013), impact of ringed exoplanet
on RM signal (Akinsanmi et al. 2018; de Mooij et al. 2017),
occulted stellar active regions (Oshagh et al. 2016, 2018), non-
occulted stellar active regions (Boldt et al. 2020), and also in-
accurate estimations of stellar limb darkening (Csizmadia et al.
2013; Yan et al. 2015). Some of these effects will have minor
impact on the RM shape and amplitude (such as microlensing
and ring around the planet), however, some like the stellar ac-
tive region occulation and stellar differential rotation could cause
significant deformation of the RM shape and also alter its am-
plitude. None of mentioned second-order effects are considered
neither in ARoME nor in PyAstronomy, and they could be re-
sponsible for the overestimation of vsin(i). It also worth men-
tioning that the spectroscopic estimates are also model depen-
dent (choice of macroturbulence, etc.), therefore they could be
also underestimating the vsin(i), however in depth investigation
of the reason for our overestimated vsin(i) beyond the scope of
this study.
From all methodologies applied here, we choose a λ value of
−2.96+10.44−10.30, based on Arome and GP, as a conservative determi-
nation of the spin-orbit angle, based on the data at hand.
4. Doppler Tomography of AU Mic b
The Doppler tomography method (Collier Cameron et al. 2010;
Watson et al. 2019) measures changes in the rotationally-
broadened stellar line profiles due to partial occultation by the
planet. Since cross-correlation functions (CCFs) of the observed
spectra against a template reflect the mean profile of the stel-
lar lines, one can probe the instantaneous velocity field on the
stellar disk from the time-varying cross-correlations. The fit to
this differential profile allows for a more precise and model-
independent measurement of the free parameters: planet/star size
radius ratio, limb-darkening, projected obliquity angle, impact
parameter, and duration (Strachan & Anglada-Escudé 2017).
For an independent measurement of the stellar obliquity, we
analyzed the time sequence of the CCFs returned by the DRS
pipeline for the ESPRESSO spectra (see Figure 4a for an ob-
served CCF). To visualize the line-profile “variation", we com-
puted the residual cross-correlation map as a function of time;
in doing so, we first normalized the CCF for each frame, and
combined the CCFs for frames taken outside the transit. We then
subtracted the mean out-of-transit CCF from individual frames,
yielding the residual CCF map in time.
Figure 4(b) displays the resultant residual CCF map. The two
horizontal dashed lines represent the expected transit ingress and
egress times. The residual map exhibits an unexpectedly large
modulations throughout our observations. This observed low-
frequency modulation in the profile is not caused by AU Mic
b’s transit, and the reasons for the large profile modulation are
not known.
To remove this strong modulation, we applied a high-pass
filtering in which we fitted the "out-of-transit" residual CCF
by a quadratic function of time in each column of the residual
CCF map. Interpolating the CCF variations during the transit,
we subtracted the low-frequency modulation from the residual
CCF map. Figure 4(c) shows the CCF map after the high-pass
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the best-fit RM model.
filtering. The CCF bump, representing the planet shadow of AU
Mic b, is clearly seen in the map, moving from the blue edge
to the red edge of the original CCF (Figure 4(a)). The trajectory
of the shadow implies a prograde orbit of the transiting planet.
The residual CCF map also suggests a flaring event happening
around BJD = 2458702.81, which suddenly distorts the line pro-
file for a relatively short interval. This is consistent with the large
scatter in the observed RV data towards the end of the transit
(Figure 3).
To estimate the stellar obliquity λ, as well as other system
parameters, from the residual CCF map, we performed an anal-
ysis of the “reloaded RM effect" (Cegla et al. 2016a). In brief,
we fitted the positions of the planet shadow during the transit
using a Gaussian and estimated the instantaneous Doppler posi-
tion of the planet in the CCF profile for each frame (Figure 5).
Then, using the MCMC code to model the RM effect (Hirano
et al. 2020), we fitted the positions of the planet’s shadow. The
free adjustable parameters in the analysis are λ, v sin i, and the
CCF center γ, representing the peculiar RV of AU Mic. In many
cases, γ is determined precisely by fitting the mean CCF profile
outside the transit by Gaussian. In the case of AU Mic, how-
ever, the mean out-of-transit CCF of the star is highly distorted
and asymmetric (Figure 4(a)), introducing an additional source
of uncertainty in the CCF center. A fit to the mean out-of-transit
CCF led to γ = −4.16 ± 0.46 km s−1, but the uncertainty here is
likely underestimated due to the asymmetric CCF.
The MCMC fit to the observed planet shadow positions
without any priors resulted in a degeneracy among λ, v sin i,
and γ. Thus, we imposed a Gaussian prior on v sin i based on
the spectroscopic value reported in the discovery paper (i.e.,
v sin i = 8.7 ± 2 km s−1). This analysis resulted in λ = 0+20−19
degree, which is consistent with the RV analysis results in Sec-
tion 3.3. The best-fit model to the observed planet shadow po-
sitions is drawn by the red solid line in Figure 5. To take into
account the constraint on γ from the mean CCF profile, we also
attempted an MCMC analysis imposing priors on both v sin i and
γ (= −4.16 ± 0.46 km s−1). This fit produced λ = 17+9−12 de-
gree, still compatible with the spin-orbit alignment of the system
within 1.5σ. Thus, we conclude that the RM fit and Doppler-
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Fig. 6. The observed 2D maps of residual spectra around the Na i dou-
blet, in the stellar rest frame.The horizontal dashed lines mark the T1
and T4 transit contacts. The red dashed lines mark the position of the
Na i and He I lines.
tomography analysis yield fully consistent results, both indepen-
dently supporting that the system has a low obliquity.
An unresolved issue is the large CCF modulation seen
throughout the night of the transit. Figure 4(d) illustrates the
residual CCF map after removing the planet shadow (panel c)
from the original map. The CCF bump seen at ≈ −5 km s−1 at
the beginning of the observations moves on the stellar disk by
≈ 5 km s−1 at the end of the run. For comparison, the AU Mic b
planetary signal moves by ≈ 20 km s−1 during the shorter tran-
sit time. On the other hand, the rotation period of the star is
estimated to be 4.863 days, and thus a star spot on the stellar
surface should change its phase by 0.26/4.863 = 0.053 during
our observations. Assuming v sin i = 8 − 9 km s−1, this phase
shift translates to the maximum Doppler shift of ≈ 2.9 km s−1
around the center of the stellar disk. For reference, we plot in the
same figure this maximum shift of a CCF feature by stellar rota-
tion. The observed shift looks consistent with the rotation up to
around the mid-transit time, but suddenly it changed the Doppler
position by a few km s−1. At this point, we are not able to con-
clude that the observed modulation is an outcome of a giant spot
on the stellar surface or a redistribution of visible active regions
during the stellar rotation; further Doppler monitoring is needed
to understand the peculiar behaviour of the CCF profile.
5. Searching for Atmospheric Signatures
5.1. Transmission spectroscopy
AU Mic b’s low density (0.6 that of Neptune; Plavchan et al
2020) could be explained by an extended H/He atmosphere with
a large transit cross-section, and although the nominal equilib-
rium temperature of the planet is 600-800K, heating by XUV
radiation from the host star (the Lx/Lbol of AU Mic is ∼1000×
that of the Sun) could maintain a temperature inversion and pro-
duce H-α absorption (Yan & Henning 2018). Here, we probe
the composition and structure of the upper atmosphere of AU
Mic b via transmission spectroscopy to try to constrain models
of H/He escape, which are fundamental to explaining aspects
of the mass-radius relation and radius distribution of exoplanets
(Owen & Wu 2013; Fulton et al. 2017).
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Fig. 7. AU Mic b transmission spectrum around the Na i doublet. The
black dots show the original data with the respective error bars. The
sinusoidal patter of the spectrum is due to ESPRESSO wiggle pattern,
which we have not corrected here.
To search for planetary atmospheric features, we use the 1D
spectral product of the DRS software, and follow the methodol-
ogy employed in Casasayas-Barris et al. (2020). Prior to data
analysis, the spectra are corrected for telluric absorptions us-
ing Molecfit (Smette et al. 2015; Kausch et al. 2015). After
that, the analysis steps are: i) moving the spectra to the stel-
lar rest frame, using the system parameters from Plavchan et al
(2020); ii) construct a master-out, high SNR, spectrum; iii) di-
vide all spectra by the master-out and shift them to the planet’s
rest frame; iv) the combination of all the in-transit residual spec-
tra (Casasayas-Barris et al. 2019, 2020); and v) Correction for
the sinusoidal interference pattern in the the continuum that is
sometimes seen in ESPRESSO (Casasayas et al, 2020b).
Unfortunately, stellar activity plays a big role in masking any
possible planetary signal. Figure 6 shows the 2D residual maps
of our data series near the Na I and He I lines. Where one would
expect a featureless map before and after the transit, strong struc-
tures in the data are seen both in and out of transit. The trans-
mission spectrum for AU Mic b for this same spectral region is
plotted in Figure 7, where all three spectral lines are detected in
emission, rather than in absorption if they were planetary sig-
nals in origin. The reason is the strong stellar flare that occurred
during our observations near the transit egress, which lead to en-
hanced stellar chromospheric emission during transit. Thus, any
possible planetary absorption will be masked by this emission.
We tried the approach to discard data that are affected by flares,
but nearly all the spectra are affected at a different levels, and we
are quickly left with no out-of-transit observations (this is also
true for the analysis in Section 5.2).
To illustrate the effects of stellar activity, we have focused
on the He I line at 5877.2 Å, and we built a transit light curve
centered around this lines. To build the light curve, we again fol-
lowed the methodology given in Casasayas-Barris et al. (2020),
integrating the line over a 1.5−Å width interval. The light curve
is shown in Figure 2 and it traces the up to three flares that oc-
cur during our observations. The light curve of other activity-
affected lines such as Hα, the Na I doublet, or the Ca H&K, cor-
relate well with the He I (not shown), but being this a weaker
and narrower spectral features, it is easier to construct a high
SNR light curve.
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We have explored the full spectral range covered by
ESPRESSO in search for detectable spectral absorption features,
with null results. The spectral regions near the Na I, K I, Hα, Fe
or Mg most prominent absorption lines, are always dominated
by the effects of stellar activity. Thus, we have to conclude that
transmission spectroscopy for AU Mic b, and for young forming
planets around active young stars in general, is going to remain
very challenging if not impossible for the near future.
5.2. Cross-Correlation studies
Finally, we used the cross-correlation technique, following Stan-
gret et al. (2020), to search for atmospheric signatures in
AU Mic b. We start from the Molecfit telluric-corrected data,
and we removed outliers in the spectrum by studying the time
evolution of each pixel, then we normalised each order of the
spectrum and mask the sky emission lines as well as strong
telluric absorption lines. Finally, we applied SYSREM (Mazeh
et al. 2007) to remove time- and wavelength-dependent trends
in the spectral matrix. To calculate the high-resolution models
used in the cross-correlation, we use petitRADTRANS (Mollière
et al. 2019). For each studied individual atmospheric species we
cross-correlated a model with residuals using radial velocities
range +-200 km/s in steps of 0.5 km/s, and we added all the or-
ders. As with the transmission spectroscopy technique, we find
that the stellar variability prevents us from exploring the plan-
etary atmosphere. Our cross-correlation residual maps for Fe I
and similar atomic/ionized species (see Figure 8) are completely
dominated by stellar chromospheric emission.
6. Conclusions
The proximity, brightness, youth, and the presence of a debris
disk in AU Mic mean that it will quickly become a key system
for studies of exoplanet formation and atmospheric evolution.
Particularly interesting is the fact that at least one of its plan-
ets, AU Mic b, transits the star offering a unique opportunity to
further constrain the physical properties of the system.
Following the recent discovery of AU Mic b, here we have
conducted observations with ESPRESSO to measure the spin-
orbit angle of the planets. We employed different data reduction
and analysis techniques (Rossiter-McLaughlin effect measure-
ment and doppler tomography) to deal with the activity-affected
data, which all give consistent results. AU Mic b, seems to be
well aligned with the rotation plane of its host star. This may not
necessarily mean that the planet’s orbit is aligned with the cur-
rent debris disk since there is a degeneracy in the angles on the
sky. However, this seems to be the case for AU Mic (Greaves
et al. 2014; Watson et al. 2011). This means that the formation
and migration of the planets of the AU Mic system occurred
within the disk. AU Mic b is the third young (< 100My) small
planet with a published measurement of its spin-orbit alignment,
after DS Tuc b (Zhou et al. 2020) and HD 63433 b (Mann et al.
2020). Noticeably, all three planets show prograde and aligned
orbits.
We have also explored the full spectral range covered by
ESPRESSO in search for detectable spectral absorption features,
with null results. The spectral region near the NaI, KI, Hα, HeI,
Fe or Mg most prominent absorption lines is always dominated
by the effects of stellar activity. Thus, we have to conclude that
transmission spectroscopy for recently formed planets around
active young stars is going to remain very challenging if not im-
possible for the near future, at least at optical wavelengths.
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Fig. 8. Top: Cross-correlation residuals map of FeI during the obser-
vations. The horizontal red dashed lines show first (T1) and last (T4)
transit contacts and the white dashed lines show the expected plane-
tary trail. Bottom: A plot of the cross-correlation values at 0 km/s vs
time for FeI (black), i.e. a vertical cut on the top panel. Also shown is
the cross-correlation evolution but for the CaI (blue), showing a similar
time evolution.
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Appendix A: Corner plots
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